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Concluding remarks

The pressure-induced structural transformation of
CHD involves, apart from other effects, the inter-
change of donor and acceptor sites by the enolic H
atoms in the hydrogen bonds. The structure, despite
its close similarities with antiferroelectric crystals, is
ordered in the high-pressure phase, also retaining its
low-pressure symmetry. It is possible that the crystals
have a domain structure in both low- and high-
pressure phases. The proposed mechanism of the
transformation strongly suggests an important role
of electrostatic interactions in the transformation
and in the jump of the enolic H atom to its other site
in the OH---O bond. This mechanism also affords an
explanation of the phase transition observed in CPD
and of the exceptional stability of MCPD at high
pressures; however, several points still need to be
confirmed and further studies are being carried out
on the CHD crystals.
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Abstract

A method is presented based on graph theory for
categorizing hydrogen-bond motifs in such a way
that complex hydrogen-bond patterns can be disen-
tangled, or decoded, systematically and consistently.
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This method is based on viewing hydrogen-bond
patterns topologically as if they were intertwined nets
with molecules as the nodes and hydrogen bonds as
the lines. Surprisingly, very few parameters are
needed to define the hydrogen-bond motifs compris-
ing these networks. The methods for making these
assignments, and examples of their chemical utility
are given.
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Introduction

Since hydrogen bonds were first proposed, efforts to
characterize them, measure them, and understand
them have proliferated (Latimer & Rodebush, 1920;
Schuster, Zundel & Sandorfy, 1976; Joesten &
Schaad, 1974). As it became obvious that these
interactions occurred in many kinds of materials,
and were important for determining the properties
and activities of most biochemicals, hydrogen-bond
classifications were developed; the most successful of
these relate to their spectroscopic and chemical
properties (Taylor & Kennard, 1984; Murray-Rust &
Glusker, 1584; Emsley, 1980). Wells (1962) was one
of the first to recognize the importance of hydrogen-
bond patterns, independent of the geometry or of
spectroscopic or thermal properties of the bonds.
This perspective provided new insights into the role
of hydrogen bonds in controlling the structures of
ensembles of molecules. The consequences of repeti-
tive hydrogen-bond interactions throughout a crystal
structure or throughout a self-assembled aggregate
structure had not previously been addressed. In other
words, this topological point of view allowed one to
characterize subsets of crystal structures or arrays,
namely, the hydrogen-bonded subset.

Wells proposed a classification scheme for describ-
ing hydrogen-bond structures in inorganic com-
pounds based on consideration of molecules as single
points with hydrogen bonds as lines emanating from
these points. Hamilton & Ibers (1968) developed this
idea further, characterizing hydrogen-bonded net-
works with two numbers (N, M), the number of
hydrogen bonds per point (N), and the number of
molecules to which a point is hydrogen bonded (M).
Kuleshova & Zorky (1980) recognized that these
early classification schemes were actually an applica-
tion of graph theory, a mathematical formalism for
analyzing graphs and networks (Harary, 1967). This
theory has been used for many different chemical
applications, such as analysis of stereochemical
topology (Walba, 1987), development of synthetic
strategies (Fujita, 1988a) and coding of reaction
pathways (Fujita, 1988b). Kuleshova & Zorky
developed Wells’ idea and applied graph theory to
hydrogen-bond patterns in organic crystal structures.
They identified finite sets, chains, layers and
frameworks of hydrogen-bonded molecules, and they
made initial surveys of the crystallographic literature
to determine whether certain graph sets occurred
more frequently than others. They also studied a set
of hydrogen-bonded polymorphs and found that
about half of them had the same graph set for both
polymorphs (Zorky & Kuleshova, 1980).

The graph-set method presented here uses a
molecular version of graph-set representations of
hydrogen-bond patterns where functional groups
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and molecular structure are used explicitly. Graph
theory has been adapted here rather freely to pre-
serve a strong chemical component. The derivation
from single points to molecules as the basic unit of a
graph is important in order to represent hydrogen-
bond patterns of organic molecules where different
functional groups on a single molecule contribute in
different ways to the hydrogen-bond network.
Attempts are made to make the method applicable to
as many different kinds of systems as possible within
the constraints of keeping the notation and the pro-
cess simple. Arrays that are easiest to handle using
the graph-set method involve typical neutral organic
molecules with a low density of hydrogen bonds, as
opposed to structures like urea or oxalic acid which
have high hydrogen-bond densities.

Graph sets, as presented here, are descriptions like
the organic chemist’s empirical formula or the crys-
tallographer’s space group. They tell how many
donors and acceptors are used in a hydrogen-bond
pattern and what the nature of the pattern is, yet
they also highlight common features of molecular
aggregates that are not addressed by empirical for-
mulae or by the symmetry considerations of space
groups. To analyze a hydrogen-bond pattern, the
criteria for identifying hydrogen bonds must be
established by the investigator. For the present pur-
pose we find it useful to consider the collective
behavior of molecules as they self assemble by inter-
actions between hydrogen-bond donors and
hydrogen-bond acceptors, without setting arbitrary
limits on hydrogen-bond lengths or energies. The
topologies of the patterns are considered rather than
their particular geometries.

Operational definitions are given here and the
process of assigning graph sets is explained.*
Examples of how to apply graph sets to problems of
decoding and comparing hydrogen-bond patterns are
given at the end of this article.

Graph-set definitions

The set of molecules to be analyzed is called an
array. Some or all of the molecules in the array are

* Several of the concepts developed here have a direct analogy
with graph-theoretical concepts, while others have a more distant
relation. To clarify these relations, the equivalencies are given,
with the first term being the one used here, and the second
italicized term being the one used by graph theoreticians (Harary,
1967): hydrogen bonds//ines; molecules/points; array/graph; motif/
spanning walk; the superscript character a used in the notation/
indegree of a directed graph; subscript character, d/outdegree of a
directed graph. The most important difference between the two
methods is that mathematical graphs involve points and lines
having no structural properties. The points used in our method are
molecules whose structure is implicit in the graph-set assignments.
Likewise, we differentiate between different kinds of hydrogen
bonds, but in mathematical graph sets all lines are identical.
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associated through hydrogen bonds. This array need
not be in a crystal structure, but regularly repeating
sets such as those found in crystal structures are
particularly suitable for graph-set assignments. The
geometry of a hydrogen bond is not critical in these
analyses, so even a hand-drawn picture of a hypo-
thetical set of molecules is sufficient for making
graph-set assignments.

A network is a subset of an array in which each
molecule in the network is connected to every other
molecule by at least one hydrogen-bonded pathway.
A network contains any number of different kinds of
hydrogen bonds. Our challenge is to define the mor-
phology of this network.

A motif is a special type of network. It is a
hydrogen-bonded set in which only one type of hydro-
gen bond is present. A hydrogen-bond type is defined
by the chemical nature of the proton donor and
acceptor used in the hydrogen bond. Thus, a hydro-
gen bond between a phenol and a nitro group would
be a different type from a hydrogen bond between a
phenol and a ketone. A motif is constructed by
identifying all occurrences of one of these types of
hydrogen bonds throughout the network. The subset
of molecules that becomes hydrogen-bonded
together by this operation is called a motif. The
ability to single out one type of hydrogen-bond
pattern at a time is one of the most useful features of
this graph-set method.

Graph sets are assigned first to motifs, and then to
networks. Frequently only one or a few motifs need
to be assigned to answer questions about preferred
aggregate patterns. This level of analysis is easy to
learn, and to remember. The process of making the
assignments is what is important here. It allows one
to see clearly how multiple hydrogen-bond patterns
are interrelated and to focus on the chemistry of
particular sets of molecules.

A graph set is specified using the pattern desig-
nator (G), its degree (r), and the number of donors
(d) and acceptors (a), as shown:

GXr).

G is a descriptor referring to the pattern of hydrogen
bonding. It has four different assignments based on
whether hydrogen bonds are inter- or intramolecular:
S, C, R and D. S (standing for self) denotes an
intramolecular hydrogen bond. Different patterns of
intramolecular hydrogen bonds are not specified with
this notation. A method for specifying particular
intramolecular hydrogen bonds in cyclic peptide
structures has been developed and may be useful for
other types of molecules as well (Karle, 1981). For
intermolecular bonds, C refers to hydrogen-bonded
chains that are infinite, R refers to rings. A typical
ring pattern is a cyclic carboxylic acid dimer. D refers
to noncyclic dimers and other finite hydrogen-
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bonded sets, such as a phenol hydrogen-bonded to
acetone.

The parameter r refers to the degree, being either
the number of atoms in a ring or the repeat length of
a chain. For a ring, in an S or R set, the degree is
defined as the number of atoms in the ring, counted
by traversing the ring in one direction along the
shortest chain of covalent and hydrogen bonds until
all the atoms in the ring have been counted once. For
a chain, C, the degree is the repeat length of the
monomer unit in the chain, i.e., the number of atoms
encountered by traversing the shortest pathway from
the hydrogen atom of one hydrogen bond to the
acceptor atom of the next. For D motifs the degree is
the number of atoms in the entire length of the
hydrogen-bonded set starting with the proton of the
first hydrogen bond, proceeding along the shortest
pathway, and ending with the acceptor atom in the
last hydrogen bond of the set. If there is only one
hydrogen bond in the motif, then the degree of the D
pattern is 2. Since this pattern occurs so frequently, r
=2 is considered the default degree value for a D
pattern and it is not specified. The parameters d and
a refer to the number of different kinds of donors (d)
and acceptors (a) used in the hydrogen-bond pattern.
When all the molecules in a set are the same, d and a
will be the number of participating donors and
acceptors per molecule. When the set is composed of
different kinds of molecules, d and a will be the sum
of the participating donors and acceptors from all
the different molecules. The default value for d and a
is 1.

Assigning graph sets to motifs

First, identify the different types of hydrogen bonds
in the array of interest. One motif will be generated
for each type of hydrogen bond.

Second, rank the hydrogen bonds by chemical
priority. This step is necessary so hydrogen-bond
patterns can be reconstructed from graph sets [prio-
ritization can be performed consistently by using the
Cahn-Ingold-Prelog rules (IUPAC, 1970) which
have been extended here to include hydrogen bonds
(see Appendix)]. If hydrogen bonds are encountered
that are not covered by application of these rules,
they should be enumerated arbitrarily before pro-
ceeding further.

Third, generate a motif, selecting the highest prio-
rity hydrogen bond, H(1), and finding all occurrences
of this bond in the array. To identify a motif choose
one molecule as the starting point and identify all
molecules that are attached to it by H(l). Then
proceed from each of these molecules to all others
bonded to them by H(l), etc. until a molecule is
encountered which has no additional attached mol-
ecules, or until it is obvious that the set is infinite.
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The process is like gluing certain molecules in an
array together [with H(1) glue], then pulling one
molecule out of the array to see which additional
molecules come with it, and whether they form an
infinite (C) or a finite (S, R or D) set. This step is the
essential decoding step in the procedure.

Fourth, assign a graph set to the motif. A
straightforward example is given as example (I) in
Table 1, with graph set D. Example (II) is an infinite
chain, with degree 7. Its complete graph set is C(7)
(A4 stands for proton acceptor and DH for proton
donor). In some cases H(1) occurs in a ring as well as
in a chain. In these cases, the ring may be indicated
as a subset, given in brackets. For (III), the complete
graph set is C3(8)[R}(4)). If the hydrogen atom of a
single hydrogen bond occurs in two of the same rings
at the same time, then the graph set assigned to one
of the patterns is doubled. For (IV) (Table 1) the
graph set is 2R%(4).

Fifth, repeat steps three and four until graph sets
have been assigned to all hydrogen-bond types.

Assigning graph sets to first-order networks

A first order network, N, is just a sequential listing
of the graph sets that correspond to each motif in the
network, where M, is the motif containing the high-
est priority hydrogen bond:

N] = Alj"'M:;MZM].

In examples (I)-(III) above, where there was only
one kind of hydrogen bond in each example, their
first-order networks consist of only one motif, M,. In
example (V), Table 1, there are two different kinds of
hydrogen bonds in the pattern, so two motifs are
needed to represent N,. Since the highest priority
hydrogen bond is S(5) and the second highest prio-
rity one is S(6), N, = S(6)S(5).

Assigning graph sets to higher-order networks

Although all the information about individual
hydrogen-bond contributors is given in the motifs,
other hydrogen-bond patterns may be present in the
structure, and in some cases it may be useful to
identify them. These other patterns arise from com-
binations of two or more different types of hydrogen
bonds (recalling that motifs contain only one kind of
hydrogen bond). Higher-order networks, N, are
assigned by adding sequentially one new graph set
per network. The lowest degree pattern is given the
highest priority, as for motifs, and is assigned first.
The lowest degree pattern will usually contain only
two different kinds of proton donors, but it could
contain more. If there are still two new patterns with
the same priority (e.g., two different kinds of chains
with r = 6) then the ranking is specified by the user.
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Table 1. Examples of graph-set assignments

The hexagons are meant to represent any organic ligand. This
specific form is given so the degrees of the patterns can be assigned
in this table. If the organic ligands were other kinds of groups,
then the degrees of some of the patterns would change.

o OO nes
an ""f—Q;g'; --a omeo- Ny =)

(111) N, = Ci(8)[Ri(4))

Al o
av) O“.» oA N, = 2R(4)
D
o
v a N, = S©)S(5)
A
; N = SX9)
o-Hi1)
'::(1)
A---H(1)D
:' DH--oo-A N, = CA)RY8)
VI ' v
b R N, = R(8)

There is a simple procedure for finding higher-
order networks. Search for that pattern (of any
graph-set type) that has the smallest number of
atoms in its repeat unit, yet contains two or more
different kinds of proton donors. In searching for
chains, start with H(l) for example, and proceed
along a hydrogen bond and along the continuing
atom chain until reaching H(2). Then find a pathway
that returns to H(l) in another molecule without
including any other H atoms. If this sequence propa-
gates itself then it is accepted as a chain. The pro-
cedure is applied to all the pairwise combinations of
the individual proton donors, and thereafter to trip-
let combinations, ezc.

Rings are readily identified by a similar procedure.
A ring of second order or above must contain at
least two types of hydrogen bonds. Hence start again
with H(1), proceed along its hydrogen bond and
along its intramolecular atomic chain to H(2). The
smallest ring possible would then include a second
H(1), and a second H(2), returning in a cycle to the
starting H(1). Again, proceeding through all pairwise
combinatorial possibilities higher-order rings can be
identified. Rings with more than two types of hydro-
gen bonds in them are assigned as even higher
networks, with ring size (or degree) determining their
respective priorities.
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Higher-order networks arise by combination of
motifs from two different kinds of hydrogen bonds.
In example (VI), Table 1, one kind of hydrogen bond
gives rise to a ring and another kind of hydrogen
bond gives rise to chains. The first-order network for
(VI) is C(4)R5(8). When the dimer is repeated by a
chain, several new networks are created. The highest
priority one is a new eight-membered ring between
the original dimers. Thus, N(2) is R3(8). Graph sets
can be assigned to even higher-order networks in the
same way as demonstrated for N,.

Troubleshooting

Most, but not all, hydrogen-bond patterns of small
molecules can be assigned with the method outlined
above. For some compounds, there may be compli-
cating circumstances that make the assignments
intractable. For hydrogen-bond patterns that are
very difficult to visualize or to decode a useful
approach is to assign just part of the pattern to a
graph set. In some cases an optional notation using
O superscript and O subscript can be used to resolve
difficulties:

([GAN;

An example where optional fields are useful is in
comparison of Watson—Crick, Hoogsteen and
reverse  Hoogsteen  hydrogen-bond  patterns
(Hoogsteen, 1959, 1963; Saenger, 1984). The graph
set of the Watson—Crick pattern is characteristic, but
the graph sets of the other two types are identical to
one another even though their hydrogen-bond
patterns are not. An optional field identifying which
oxygen atom is used in the hydrogen-bond pattern
resolves this ambiguity allowing each of the three
hydrogen-bond types to have a unique and useful
graph set, as shown in Fig. 1.

Applications of graph sets

The use of graph sets for designing new materials,
deconvoluting crystal structure data, and comparing
and contrasting sets of molecules has been demon-
strated (Etter, 1989; Bernstein, Etter & MacDonald,
1989). This approach views hydrogen-bonded sets of
molecules as distinct chemical species that can be
studied independently. The molecular sets are con-
ceptually like macromolecules. A particular graph set
may be common to many kinds of molecules. Such
sets are isographic as well as isoentropic since the
number of intermolecular hydrogen-bond connec-
tions are the same for all sets of molecules with the
same graph set. For example, N-methyl-4-nitro-
aniline (VII) and 4-nitrophenol (VIII) are isographic
(Panunto, Urbaiiczyk-Lipkowska, Johnson & Etter,
1987) even though the proton-donating ability of a
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phenol (pK, =9-9) is much greater than that of an
aniline (pK, = 27), Fig. 2.

Similarly, the graph sets of three polymorphs of
iminodiacetic acid (IX) have been analyzed. Despite
the extraordinary complexity of the intermeshed
hydrogen-bond patterns in these structures, and des-
pite the fact that the molecules are zwitterions (the
graph-set method was developed here primarily for
use with neutral organic molecules), the similarities
and differences in the graph sets of the three
polymorphs provides an explicit basis for compari-
son and insight into the chemical similarities and
differences of the polymorphs (Bernstein et al.,
1989), Fig. 3.

Since hydrogen bonds are generally weak interac-
tions, most hydrogen-bonded assemblies have been
studied in the solid state where they are stable
enough for spectroscopic and chemical investiga-
tions. The occurrence of certain hydrogen-bond
motifs throughout a series of compounds, e.g.,

H

N

CHy; @Q----- H-N N Watson-Crick
§ N;= DD
N N*L N N2= [R28)os
S 0o N
H
CH; @g-" NN Hoogsteen
L? N3 =DD
N TN N2 = [R}9)los
£ 00 "tl_

-N
- (2)0"1'l 1 Reverse Hoogsteen
N {N He--N N; =DD
-H--- _r2
% ‘ \/N‘_.‘ Nz = [R;9)]oz
cu! 0@

Fig. 1. An example of the use of optional fields (brackets with
sub/superscripts) to explicitly define hydrogen-bond patterns. In
these examples the ambiguity about O2 or O4 as the hydrogen-
bond acceptor has been resolved with the use of optional fields.

o
4;:;;§@§§;§*Q*€;‘;“P

(VID)

0, n::"o‘N—
.0, H: ‘N—Q—d g
—H ;e—<_=—>—d o
~0
(VIII)

Fig. 2. Isographic hydrogen-bond patterns of a secondary aniline
and a phenol. Both sets of molecules have the same first- and
second-order graph sets: N, = R¥(4) and N, = C%(8).
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C(4)R%(8) for primary amides, or R3(8) for carbox-
ylic acids, suggests that these patterns may be present
in solution and may be controlling the structure of
crystal nucleation sites. Even though the hydrogen-
bond aggregates would be transient in solution, and
may even be present in very low concentrations, at
the instant when nucleation begins these structures
must be forming. It is unlikely that other crystal-
packing forces, which vary almost randomly
throughout a series of compounds, could by chance
direct all primary amides into the same hydrogen-
bond pattern. Rather, it is more likely that crystal-
packing forces influence the observed geometry of
the hydrogen bonds, but do not determine their
connectivity patterns. Preferred hydrogen-bond
modes derived from crystal structures may be useful
for determining the preferred modes of association of
the individual functional groups on complex multi-
functional molecules like biopolymers. Hopefully,
graph-set analysis will aid in transferring information
about molecular recognition properties of molecules
from the solid state to solution and mobile phases,
and will provide a unifying methodology for describ-
ing hydrogen-bonded sets of molecules.

APPENDIX
Assigning hydrogen-bond priorities

The Cahn-Ingold-Prelog (CIP) rules deal specifically
with priorities of groups attached to a carbon atom.
We propose here that the same protocol be used for
assigning priorities to hydrogen bonds based first on
the priorities of the hydrogen atoms in the hydrogen
bonds, secondly on the acceptor atoms, and finally
on other hydrogen-bond criteria (IUPAC, 1970).
Often the CIP rules can be applied unchanged to
hydrogen bonds. For example, a hydrogen atom
attached to an oxygen would be higher priority than
one attached to a nitrogen since the oxygen has
higher atomic number.

(4] H H [o]
k/\/\*
- N
(4 + OH

Iminodiacetic acid zwitterion  (IX)

Polymorph 1: Ny = C(5)RX(10)C(8) N2 = RZ(14)
Polymorph 2: N; = C(S)R:(IO)C(S) N; = R:(S)
Polymorph 3: N1 = C(5)C(5)C(8)

Fig. 3. Graph-set assignments for the three polymorphs of (IX).
All three polymorphs have C(5)C(8) in common in their first-
order networks N,. Polymorphs 1 and 2 differ in their second-
order networks N,.
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When CIP rules are not directly applicable they
can be extended as follows with the highest priority
rules listed first:

1. Primary amides - the cis hydrogen atom is
higher priority than the zrans hydrogen atom.

2. Primary amines — the hydrogen atom on the
highest priority side of the molecule is given highest
priority.

3. In a carboxylic acid, the hydrogen atom with cis
geometry is higher priority than one with trans
geometry.

4. A hydrogen atom in an intermolecular hydrogen
bond has priority over one in an intramolecular
hydrogen bond.

5. The CIP priorities of acceptor atoms in hydro-
gen bonds are used to determine priorities of the
hydrogen atoms when two hydrogen atoms are
identical by all other criteria above.

6. When the acceptor and donor atoms in two
hydrogen bonds are identical, then the following
criteria apply:

(a) Lone pairs of electrons are treated as acceptors.
The highest priority lone pair is on the highest
priority side of a molecule.

() A hydrogen atom in a two-center bond is
higher priority than one in a single bond. Likewise,
hydrogens in multicenter bonds have even higher
priorities.

(¢) A hydrogen atom in a short hydrogen bond has
a precedence over one in a longer bond.

Financial support from NIH (GM 42148-01) and
the Petroleum Research Fund of the American

Chemical Society to MCE is gratefully acknowl-
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Abstract

The low-temperature polymorph of chenodeoxy-
cholic acid (3e,7a-dihydroxy-58-cholanic acid)
forms very fine needle-shaped crystals (30-60 pm
cross-section), containing a variable solvent content.
The crystal and molecular structure has been solved
using synchrotron radiation in conjunction with an
area detector. M, =392-6 (excluding solvent), hex-
agonal, space group P6s, a=22250(5), c=
10-255 (2) R, Z=6, V=43967 A% F000)= 1296,
D,,=1:12(6) gcm 3 (flotation in bromobenzene/
toluene), D, =089 gcm™3 for C,,H,0, without
solvent of crystallization, D, (max.)=1-17 gcm 3
for CyHaO4CeHsBr, A =1-5418 A for unit-cell
determination, A=0-895A for intensity
measurements, x4 = 1:09 cm ™!, m.p. =388-390K, T
=291 (1) K. The structure refined to R=0-11 for
578 reflections with |F,| > 20 (F). The molecular con-
formation is similar to that of the high-melting-point
(438-439 K) form, but the molecular packing is far
more open. All the oxygen atoms are involved in
intermolecular hydrogen bonding. The crystal struc-
ture contains wide cylindrical channels, parallel to c,
sufficient to accommodate molecules with van der
Waals diameters up to 8:0 A.

0108-7681/90/020262-05$03.00

Introduction

Chenodeoxycholic  acid, 3a,7a-dihydroxy-5p8-
cholanic acid (CDCA), C,4,H,,0,, is a bile acid which
is an efficacious agent for inducing dissolution of
cholesterol gallstones (see, for example, Hofmann &
Paumgartner, 1975). The cholanic bile acids form a
number of mixed crystals which may be sub-divided
into two categories, choleic acids and ‘canal’ com-
plexes. The choleic acids contain highly stable com-
plexes of host (bile acid) and guest (second organic
molecule) which may, indeed, be stable outside the
crystalline state. The crystal structures of the canal
complexes contain channels or ‘canals’ which contain
the guest molecules. The host—guest interactions in
these complexes are usually less specific than for the
choleic acids and can have non-integral coordination
numbers. The canals can be either hydrophilic
whereby they readily accommodate guest molecules
with polar substituents, or hydrophobic where the
guest molecules tend to be apolar. Although several
canal complexes involving deoxycholic acid, DCA,
have been reported, very few where the host mol-
ecule is another bile acid have been characterized.
Polymorphism of CDCA has been reported (Guisep-
petti & Paciotti, 1978), and the high-temperature
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